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1.1. Bamboos of the World 
Bamboo is the only Graminea adapted to the life as forest. Bamboos can be found around 
the globe and are naturally occurring in Africa, America, and Asia in tropical, subtropical and 
warm temperate areas around the equator. Bamboo are giant grasses that propagate rapidly 
by the expansion of underground rhizomes. In general, bamboos are known for their rapid 
growth with a rate of up to 25cm/day in certain species of woody bamboos such as Guadua 
angustifolia Kunth (Bamboo). Although there are some species of solid bamboos, 
morphologically bamboo can be generally described as a hollow tapered tube (culm), with 
internodes separated by nodes, which is supported by an intricate rhizome system (Figure 
1). The culm is the main organ of the aerial part of bamboos, which is also comprised of 
branches, sheaths and foliage leaves, with flowering occurs sporadically. The rhizome and 
culm neck form the subterranean part. Culms store about 80% of the carbohydrates required 
by young plants for their growth, whilst rhizomes store the remaining 20%.  
 
Figure 1. (a) Part of the culm, (b) Bamboo plantation [1]. 
The growth process of a bamboo culm differs of that of a tree. Firstly, a bamboo culm will 
experience a rapid growth phase in which the cane will reach its maximum height and 
diameter in about 9 to 12 months. Secondly, the culm starts a process of consolidation of 
tissues which occurs by secondary cell thickening until maturity, which results from the 
deposition of lignin (lignification) of acquired cell wall layers (polylamellation). This 
lignification of fibre-cell walls increases bamboo’s density, but not its diameter or height. The 
plant reaches maturity in three to five years and what follows is a natural process of decay. 
Bamboo clumps can grow for 50 years or more, but flowering results in the death of the 
whole plant in some species (Liese 1998; Hidalgo-López 2003). Such delay in the flowering 
process is attributed to the considerable energy demand of this fast growing plant (Clark, 
1997 cited by Lybeer et al. 2006). This, together with the resulting high biomass production 
give bamboo an advantage over other renewable resources in terms of yield. 
Thanks to their wide availability and renewability bamboos have been used around the world 
for millennia for many applications ranging from food to furniture and construction. More than 
1,600 species of  herbaceous and woody bamboos have been catalogued [2] and about 20 
species of woody bamboos are considered as key species for construction purposes[3]. For 
instance, the sympodial species Bamboo is used for construction in South and Central 
America; it has large vascular bundles (Figure 1) with fibre bundles of variable sizes that 
confer it with a coarse finish. In contrast, the monopodial Phyllostachys heterocycla 
pubescens (Moso) endemic to Asia is more suitable for smooth finishes for parquet, furniture 
and decorative applications[4]. This is due to its smaller vascular bundles with fairly even 
distributed fibres around the conductive tissue. Some species such as Oligostachyum sp. 
and from the genus Indocalamus are classified as amphipodal, which combines sympodial 
and monopodial rhizomes. 
It is estimated that bamboo forests cover an area around 37 million hectares which amounts 
to about 4% of the world’s total forest coverage[5]. From this total coverage, it is estimated 
that Africa has more than 40 bamboo species covering more than 1.5 million hectares[5]. 
Studies in utilization of bamboo in Africa have indicated that, the resource is less valued than 
wood products and its uses are mainly traditional and only a few manufacturing firms are 







for construction purposes including fencing, scaffolding, as frames for mud houses, props, 
rafters, roof material, for binding thatch in roofing houses, construction of livestock pens[8]. 
Moreover, processed bamboo products comprising plywood bamboo, ceiling panels, flooring, 
window blinds, doors and furniture are produced and used in Ghana[8]. In Nigeria bamboo is 
distributed widely in the south and middle belt regions where the average diameter of the 
bamboo culms ranges from 3.2 to 9.1 cm[9]. It is reported that the rate of use of bamboo in 
Nigeria is low[9]. Traditionally, bamboo is used for scaffolding, shade houses, fencing, and 
furniture making[10].  It is also used in rural areas to construct mud houses where bamboo 
culms serve as structural frames[9]. Other uses of bamboo for construction in Nigeria 
includes structural element for buildings, bamboo based panels, and furniture[10]. There are 
two indigenous bamboo species in Ethiopia covering more than 1million hectares of land. In 
the rural areas of Ethiopia where bamboo grows, people use bamboo culms for construction 
of houses, construction of fences, and furniture making[11]. While Ethiopia has a huge 
bamboo resource, its utilization for construction purposes has been limited to hut 
construction, fencing, furniture and handicrafts[12].   
1.2. Bamboo use 
Bamboo uses can then be classified depending on the degree of transformation of the raw 
material and the manufacturing process to which it has been subjected. Three material 
transformation stages are identified: non-processed, moderately processed and highly 
processed in Figure 2. This figure illustrates the processes applied to bamboo and the 
transformation stage attained for certain applications. Overall, traditional uses require less 
intensive processing, whilst industrialised uses require high levels of transformation. 
 
Figure 2. Uses of bamboo depending on its transformation degree [1] 
Non-processed raw bamboo is commonly used for low added value and short-term 
applications (temporary shelters, scaffolding, handcrafts, food, etc.) usually where the 
material is abundant and durability is not a concern –because rotten material can be easily 
replaced. Moderately processed mature bamboo is preserved and dried mainly for its use in 
traditional construction in countries where bamboo-building systems (Bamboo) are 
regularized (e.g. Colombia, Ecuador, Peru and Mexico). In addition, some handcrafts and 
furniture applications make use of these type of bamboo in which, manual and non-intensive 
industrial processes are involved (hybrid). Engineered bamboo products (EBPs) are highly 
processed bamboo products that add high value to the plant through different transformation 
processes resulting on consistent, straight-edged products. Some of the most popular 
engineered bamboo products used in construction are: flooring (e.g. flattened bamboo), 
architectural surfaces (e.g. bamboo plywood or plyboo) and exterior decking (e.g. strand 
woven bamboo-SWB). The Chinese industry is the main supplier of these products with 
Moso-bamboo as the raw material. Finally, some hybrid bamboo products are made by 



































1.3. Traditional bamboo-based construction material 
Although non-processed bamboo canes (culms) are broadly used in construction, should not 
be considered as construction material in itself. It is estimated that more than a billion people 
live in bamboo houses worldwide. In Bangladesh alone, more than 70% of the houses use 
non-processed bamboo culms in walls and roof structures in a temporary fashion. 
Bamboo culms are the main input for all the bamboo-based construction materials and can 
be processed into five distinctive types of bamboo-based construction materials. They can be 
roughly divided between moderately industrialised materials (e.g. (i) preserved and dried 
bamboo poles, (ii) flattened bamboo -esterilla-, (iii) woven bamboo mats and (iv) strips) 
[13,14]. These categories are presented on Figure 3. 
(i) Bamboo poles are derived directly from the bamboo culm and are usually trimmed in 
sections between three and six metres and treated against fungi and pest using boric acid 
(H3BO3 or B(OH)3) and borax (sodium borate) for 7-10 days. Poles are then dried until its 
moisture content is below 20%. The poles are then transported from the treatment plant to 
either a distributor or to an intermediate 
processing facility. This transport is 
generally local with a range between 
4km and 120km[13]. Preserved and 
dried bamboo poles can be used 
directly in construction as columns, 
beams, or struts and are also the main 
input for the production of flattened 
bamboo, woven mats, strips, slivers, 
strands and other starting materials for 
engineered bamboo products [13,15]. 
(ii) Flattened bamboo is a handcrafted 
construction material. To produce 
flattened bamboo, a bamboo pole is 
split open with an axe and its innermost 
part and internodes are removed. 
During this process some fibres are 
broken making the material flexible, but 
still able to maintain its ‘mat-like’ shape [13,14]. The main application of flattened bamboo is 
in load-bearing wall systems, where it is used between bamboo poles in order to support the 
soil cement mortar with which the walls are plastered. 
(iii) Woven bamboo mats, are produced by manually or mechanically splitting a bamboo pole 
into strips with widths between 2cm and 4cm. These strips are then reduced by hand or in a 
slivering machine into thinner elements with thicknesses between 0.5mm and 3.5mm (Liu et 
al. 2016), which are then woven to form a mat [14]. The entire process is usually done 
manually in small rural communities. The woven bamboo mats are generally used as 
lightweight walls, but recently they have also been used to produce panels of EBP in India 
[13] (although, their manufacturing process is still labour and glue intensive). Flattened 
bamboo and woven bamboo mats are commonly manufactured in facilities very close to the 




Figure 3. Bamboo-based construction materials 
1.4. Engineered bamboo 
Bamboo can be engineered to form products with improved and/or standardised mechanical, 
physical and aesthetic properties. The transformation of naturally variable bamboo culms into 
engineered products with predictable properties and generally rectangular shapes facilitates 
the mainstream use of bamboo in construction. In general, engineered bamboo products 
(EBP) are scarce and require intense 
processing. Their development 
started with the manufacture of 
bamboo panel boards in China 
around 1940; however, it was not 
until the end of the last century, 
during the 80s and 90s, that research 
and commercial interest in this type 
of materials increased [16]. Currently, 
the use of the bamboo species: 
Phyllostachys heterocycla pubescens 
(Moso) for the production of EBP is 
widespread. Liu et al. [14] and 
Archilla and Trujillo [17] classifies 
EBPs into three main types: (i) 
laminated bamboo, (ii) densified 
bamboo, and  (iii) bamboo boards. 
Figure 4. Engineered bamboo 
products. Laminated bamboo: a) 
Ply-bamboo and c) Flattened half-
bamboo poles (MOSO International 
B.V.) and f) Glue-laminated Bamboo 
beams 
(www.agenciadenoticias.unal.edu.co). 
Densified bamboo: b) SWB,; and other 
EBPs developed using Moso and Bamboo, 
respectively: d) Bamboo plastic composite 
(www.bambooindustry.com), and e) Glue-
laminated flattened Bamboo boards. 
As illustrated in Figure 4, commercially available EBPs such as glue-laminated bamboo 
strips (a) and (f), densified strand woven bamboo or SWB (b) and bamboo boards such as 
those made out of flattened half-bamboo poles (c), fibres (d), flattened mats (e) and bamboo 
strands or particles are industrially manufactured mainly in China through several processing 
stages and possess distinctive mechanical properties (Table 1Figure 2). Due to their 
elevated degree of transformation these EBP are referred to as highly processed bamboo 
products in Figure 2. 
Currently, the most widespread practices in the manufacturing of EBP are the machining and 
lamination of longitudinal strips and the hot-pressing of fibre strands under elevated 
temperatures (Table 1). The former refers to the process undertaken to manufacture 
laminated bamboo products and the latter the process undertaken for SWB, a densified 
bamboo product. 
Table 1. Processes involved in the manufacture of some engineered bamboo products and 
their mechanical properties[18-23].  
 
During the strip lamination process, the round culm is first split into six to eight concentric 
sections; secondly, the trapezoidal-like section of the strips is sanded down into a 
rectangular form after removal of about two thirds of the total material and finally the strips 
are longitudinally oriented and glue laminated into beams, boards or flooring slats. One of the 
biggest drawbacks of this process is the high amount of material discarded. Usually, the 
strongly consolidated outer layer of the bamboo culm with the highest specific gravity is 
removed and its mechanical properties are no longer comparable to steel. The negative 
influence on the mechanical properties of bamboo due to removal of the outer skin as well as 
the considerable material wasted through the strip lamination process has been highlighted 
by Nakajima et al. [24] Tanaka et al. [25] and (Archila 2015). These studies have undertaken 
modifications to the cell structure of bamboo by thermal softening, the first without pressure , 
the second with elevated temperature and pressure and the third with moderated heat and 
pressure. These type of heat and pressure treatments are currently applied to bamboo with 
the aim of achieving flat sections of high density and hardness. Some of the resulting 
mechanical properties of lamination and heat and pressure processes applied to bamboo are 
presented in Table 1. 
 
1.5. Bamboo based buildings 
Bamboo has been used as a construction material for centuries all over the world and 
traditional bamboo building systems have been widespread mainly in Africa, Asia and Latin-
America [26,27]. Earthquake prone countries such as Colombia, Ecuador and Peru, have 
adopted bamboo culms as a structural material within their building codes for walling and 
framing systems of up to two storeys [28,29]. 
According to a study by INBAR[30], utilization of bamboo as a construction material in 
Ethiopia relates to the construction of traditional or rural housing where only 2.5% of those 
housing units are constructed from bamboo. Studies have shown that there were more than 
500,000 units of houses constructed out of bamboo in Ethiopia in 2007. 
Ethiopia has a rich tradition of constructing houses with bamboo using traditional techniques. 
Below are pictures of some of the traditional bamboo houses in Ethiopia. 
 
 
Fig 1 Dorze bamboo house 
 
Fig 2 Sidama bamboo house 
Plastered cane building system (Bahareque encementado)  
The plastered cane building system is the most common structural bamboo system. It 
consists of load bearing bamboo walls that are plastered with cement mortar for weathering 
protection, structural integrity and improving its fire-performance [31]. This structural wall 
framing system with bamboo for one and two storey dwellings was firstly normalised by the 
Colombian construction code, today known as NSR-10. It is defined as a system composed 
of a Bamboo or Bamboo and timber skeleton, and a sheathing made out of flattened Bamboo 
(Figure 5), nailed to the skeleton and covered with a cement render applied over a steel 
mesh [28]. Both elements together result in a shear wall response. 
 
Figure 5. Plastered cane wall-framing system with parts diagram. Image (a) taken from (AIS 
& FOREC 2002a) 
This system uses Bamboo intensively (approx. 12 linear meters per sq. meter) where 50% of 
the material is round Bamboo used for the skeleton (frame) and the other 50% is riven 
Bamboo boards used for the sheathing. Different configurations of walls depend on their 
function and structural performance. Structural braced walls are designed to resist vertical, 
horizontal and wind loads and must be located on the corners of the building and at the ends 
of every set of structural walls. Non-braced structural walls withstand vertical loads and must 
not be located at the ends of the wall system. In addition, non-structural walls are used as 
divisor walls and must not bear any shear or vertical loads (do not need to be continuous or 
to be anchored to the foundations). A series of images in Fehler! Verweisquelle konnte 
nicht gefunden werden. depict the building process with this Bamboo wall framing system. 
Guadua skeleton
















(a) Foundations (b) Anchorage (c) Framing and bracing 
(d) Sheathing with riven 
bamboo. 
(e) Rendering (f) Roofing 
 
(g) Finishing (h) Final product 
Figure 6. Construction process of the plastered cane wall framing system (picture (h) by 
Arme Ideas en Bamboo Ltd). 
Within the frame structure, head and sole plates in timber are strongly recommended instead 
of Bamboo due to crushing perpendicular to the grain (see Figure 5); these constitute the 
horizontal elements. The studs must be separated by between 300 mm and 600 mm and the 
diameter of Bamboo must not be less than 80 mm. The diameter of the steel wire mesh 
nailed to the flattened Bamboo must not exceed 1.25 mm (curtain mesh). The sheathing of 
the wall skeleton should be applied to both sides.  
Overall, this system has been conceived to: a) minimize the effect of collapse during strong 
seismic events of low probability; b) ensure low damage during moderate seismic events; 
and c) avoid any damage from minor seismic events of high probability. Therefore, slab, 
roofs, columns and additional structural elements must be designed to contribute to the 
stability of the main load bearing system, following the requirements for each variation 
considered within the Colombian Code for seismic resistant construction  As stated 
previously, this system is restricted to two storey buildings. 
However, the two main limitations of this system are a) its current maximum height limitation 
to two storeys and b) that it uses a significant amount of cement, aggregates and steel for 
the reinforcement and plaster of the walls c) the use of whole bamboo culms makes 
construction processes labour intensive [31,32]. These points render it unsuitable for multi-
story buildings that can cope with the need for high density construction in growing urban 
centres, whereas the latter corresponds to about 50% of the total environmental impact of 
the construction, which increases its overall carbon footprint. 
Framing systems for large structures with Bamboo 
The infill of Bamboo internodes with a cement mortar (Figure 7) has led to increased rigidity 
of the connections, which otherwise will fail by shear parallel to the grain or crushing 
perpendicular to the grain.  
 
Figure 7. Detail of connections in a Bamboo structure 
This gain in rigidity has allowed the construction of large structural frames for commercial 
and institutional buildings and hybrid structures for holiday houses such as those in Figure 8 
a) and b), respectively. 
Others structures have demonstrated the potential of round poles of Bamboo as an 
engineering material for large structures using in-filled internodes and comparable structural 
concepts to the traditional collar and tie initially introduced by Simón Vélez. These include 
the replica of the Indian Pavilion for the Shanghai Expo 2010 (Figure 9,) recently built in 
Bogotá , the Zeri Pavilion for the Expo Hannover in 2001 and a pedestrian bridge in Holland. 
Fish mouth cut 
Bolts, washers 
and nuts 
Mortar filled  
 
Figure 8. a) Warehouse in Bogotá, Colombia by Hector Archila. b) Bohio, holiday cottage in 
Villeta, Colombia by Hector Archila. 
 
Figure 9. Replica of the Indian pavilion for Expo-Shangai 2010 by Simón Vélez in Bogotá, 
2014. a) Interior view of the structure. b). Exterior view. 
1.6. Environmental issues 
The current practices in the construction sector make use of increasingly larger amounts of 
energy and are responsible for the depletion of natural resources [33]. The levels of 
extraction of construction minerals has also reached new levels in the XXI century, 
highlighting not only the problem of the availability, but also the accessibility to those 
resources[34]. For instance, the production of construction materials such as cement and 
aggregates is using 30 to 40% of global energy production [35] and under the current 
practices it means that their production process releases 30% of global GHG emissions 
[36,37]. Therefore, it is imperative to explore the potential environmental benefits from the 
use of low-carbon alternative construction materials, amongst these bio-based materials 
such as bamboo and timber.  Bio-based construction materials are renewable and with 
adequate management their production can be sustained over long periods of time. 
Moreover, during their growth phase they capture atmospheric CO2 and store it in their 
tissues [38,39]. If these materials are used in durable products, such as buildings and their 
constituent materials, then the release of the captured CO2 can be delayed as long as the 
buildings are in service [40]. In the case of bamboo, due to its heterogeneous growth only 
25% of the culms are harvested annually [38]. As a result, a plantation is always standing, 





The environmental impacts of bamboo-based construction materials increase in relation to 
their level of industrialization[13]. A significant difference in environmental impact can be 
observed between industrialized and hand crafted products. The environmental impact of 
bamboo pole is, for example, five times smaller than the impact associated with glue 
laminated bamboo. In the cases of handcrafted materials such as flattened bamboo and 
woven bamboo mats, the environmental impacts increase only due to the material demand 
associated with their production. To better understand the environmental impacts presented 
here, it is necessary to look at the relative contribution of the different processes involved in a 
material’s production. Flattened bamboo and woven bamboo mat are handcrafted from 
bamboo poles and thus have only one input. Consequently, they have only one process 
contributing to environmental impact. For the low industrialized materials, the contribution of 
the raw material production, the growth of bamboo culm, represents less than 10% of the 
total impact as presented in Figure 4. The drying process is the major contributor with 35%, 
followed by the electricity used for trimming with 25% and the treatment for insect resistance 
with a 15% share of the total. The contribution associated with infrastructure and machinery 
is much higher for the low industrialized materials than for the highly industrialized ones, with 
contributions to the total impact of 12% and 2% respectively 
 
Figure 10 Contribution to environmental impact 
In order to compare the environmental impact of different construction materials it is 
necessary to do it at the building level. This is due to the differences in services that a unit of 
materials can provide. The work of Zea et al.[41] has shown that bamboo-based buildings 
using either handcrafted or engineered bamboo products withhold great potential to produce 
lower environmental impacts than those constructed with mineral based materials, as shown 
on Figure 4 
 
Figure 11 Environmental impact kgCO2Eq. (SSH): Single Storey House; (MSB): Multi Storey 
Building. 
These environmental benefits go beyond the reduced emissions from the production of 
materials and construction of buildings. If the whole life cycle of the bamboo-based building, 
from bamboo plantation to recycling of the building’s material, it becomes that bamboo 
withholds a great potential as storage of CO2. As an example, the CO2 flows associated with 
the execution of industrialized bamboo-based housing solutions are presented in Figure 5. 
This figure shows two types of temporary CO2 storage (captured in the plantation and stored 
in buildings) and two types of avoided CO2 emissions (avoided from electricity generation by 
using material by-products and the recycling of demolished construction materials). The 
implementation of an industrialized bamboo-based housing program exerts positive effects 
on the environment by capturing and avoiding over 108 tCO2e emissions over 130 years.  
 
The use of in construction can support the regenerative development of the regions in which 
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